15 OCTOBER 2006

NAUD ET AL.

CATHERINE M. NAUD

New York, New York

ANTHONY D. DEL GENIO
NASA Goddard Institute for Space Studies, New York, New York

MIKE BAUER
SGT Inc., NASA Goddard Institute for Space Studies, New York, New York

(Manuscript received 4 October 2005, in final form 3 February 2006)

ABSTRACT

The conditions under which supercooled liquid water gradually gives way to ice in the mixed-phase
regions of clouds are still poorly understood and may be an important source of cloud feedback uncertainty
in general circulation model projections of long-term climate change. Two winters of cloud phase discrimi-
nation, cloud-top temperature, sea surface temperature, and precipitation from several satellite datasets
(the NASA Terra and Aqua Moderate Resolution Imaging Spectroradiometer, and the Tropical Rainfall
Measuring Mission) for the North Atlantic and Pacific Ocean basins are analyzed to better understand these
processes. Reanalysis surface pressures and vertical velocities are used in combination with a synoptic
storm-tracking algorithm to define storm tracks, create composite storm dynamical and cloud patterns, and
examine changes in storm characteristics over their life cycles. Characteristically different storm cloud
patterns exist in the Atlantic and Pacific and on the west and east sides of each ocean basin. This appears
to be related to the different spatial patterns of sea surface temperature in the two ocean basins. Glaciation
occurs at very warm temperatures in the high, thick, heavily precipitating clouds typical of frontal ascent
regions, except where vertical velocities are strongest, similar to previous field experiments. Outside frontal
regions, however, where clouds are shallower, supercooled water exists at lower cloud-top temperatures.
This analysis is the first large-scale assessment of cloud phase and its relation to dynamics on climatologi-
cally representative time scales. It provides a potentially powerful benchmark for the design and evaluation
of mixed-phase process parameterizations in general circulation models and suggests that assumptions made
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in some existing models may negatively bias their cloud feedback estimates.

1. Introduction

Cloud feedbacks are still the major uncertainty for
predicting climate sensitivity to external perturbations,
in part due to the absence of observational constraints
suitable for distinguishing different parameterizations
in general circulation models (GCMs). One such out-
standing problem concerns the conditions under which
cloud exists in the ice versus the liquid phase. Early
prognostic cloud water parameterizations for stratiform
clouds resulted in significantly lower climate sensitivi-
ties to a doubling of CO, than previous diagnostic
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schemes (Mitchell et al. 1989; Senior and Mitchell
1993), one reason being a cloud phase feedback. The
relative occurrence of the liquid phase should increase
as temperature rises, and, given the different micro-
physical and radiative properties of ice and liquid
clouds, changes in cloud fraction, water content, and
reflectivity will result. The feedback depends, however,
on the temperature range over which the liquid-ice
transition occurs, which determines the relative impor-
tance of competing longwave and shortwave contribu-
tions to the feedback (Li and Le Treut 1992).
Available observations from field experiments give
different impressions of the persistence of supercooled
liquid water at cold temperatures. Aircraft data com-
piled in a variety of midlevel clouds over the former
Soviet Union by Feigelson (1978) suggest that super-
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cooled water exists down to a temperature of —40°C.
On the other hand, Bower et al. (1996), in a study simi-
lar to that previously conducted by Moss and Johnson
(1994), found mostly ice at temperatures below —15°C
in primarily thick frontal clouds in the vicinity of the
British Isles, while convective clouds in several loca-
tions exhibited supercooled water down to colder tem-
peratures. Using ground-based lidar measurements,
Hogan et al. (2003a,b) confirmed the existence of a
layer of supercooled droplets at cloud top down to tem-
peratures as cold as —30°C for two midlatitude conti-
nental locations.

GCMs have used these conflicting results to make
various choices about the parameterization of cloud
phase in stratiform clouds. Many models specify the ice
fraction of condensate solely as a function of tempera-
ture, some assuming all ice at temperatures <—15°C
(Le Treut and Li 1991; Senior and Mitchell 1993; Ha-
sumi and Emori 2004) and others allowing supercooled
water down to —30° (Kiehl et al. 1998) or —40°C (Bo-
ville et al. 2006). Others modify an initial phase—
temperature relationship in the presence of diagnosed
microphysical processes (Del Genio et al. 1996). The
most sophisticated schemes carry separate liquid and
ice prognostic variables and parameterize microphysi-
cal processes to determine phase interactively. The
choices in these schemes that affect cloud phase have
been made by comparing to the Bower et al. (1996)
frontal cloud observations (Rotstayn et al. 2000), to
isolated case studies (Wilson and Ballard 1999), or to
parameters other than cloud phase (Lohmann and
Roeckner 1996).

More recently, satellite data have been used to re-
trieve cloud phase information. Doutriaux-Boucher
and Quaas (2004) used polarimetric satellite data to
evaluate a global lower limit of —32°C for 100% ice
fraction but they did not consider geographic or tem-
poral variations of this quantity, although, using the
same polarimetric data, Giraud et al. (2001) previously
found differences between ocean and land for tempera-
tures of full glaciation. A 10.5-h spaceborne lidar
dataset gave some insights into the global distribution
of supercooled droplets at cloud top, and frequent oc-
currences were found in Southern Hemisphere weather
systems (Hogan et al. 2004).

The field experiments show considerable scatter in
ice fraction at any temperature, indicating the impor-
tance of microphysical and dynamical processes. Aside
from temperature, glaciation may also be a function of
the vigor of vertical motions and precipitation, depth
and age of the cloud, and concentration of ice nuclei.
Disagreements among the measurements quoted above
may simply reflect sampling of different types of clouds
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in different locations and dynamic or microphysical
conditions. Satellite observations have the potential to
reconcile the disparate field experiment results while
providing a climatologically significant sample suitable
for designing and evaluating more physically based pa-
rameterizations of cloud phase.

In this paper we investigate how atmospheric dynam-
ics and environmental conditions affect the tempera-
ture dependence of the cloud phase transition by using
satellite-derived estimates of cloud-top temperature
and phase discrimination. We focus on the oceanic mid-
latitude storm tracks since these are locations of pri-
marily stratiform clouds that exhibit considerable varia-
tion in cloud-top temperature and phase. (Tropical
stratiform anvils and cirrus clouds are almost exclu-
sively ice at cloud top, while polar clouds, which exhibit
important mixed-phase variability, are more difficult to
diagnose from satellites.) Cloud-top temperature and
phase retrieved with the Moderate Resolution Imaging
Spectroradiometer (MODIS; Salomonson et al. 1989)
on board the NASA satellites Terra (launched in De-
cember 1999) and Aqua (launched in March 2002) are
collected over the North Atlantic and Pacific during
winter months (December, January, and February),
from December 2002 to February 2004. A storm-
tracking technique is applied to the National Centers
for Environmental Prediction—National Center for At-
mospheric Research (NCEP-NCAR) reanalysis sur-
face pressures in order to isolate the extratropical
storm-track preferred paths. The MODIS cloud-top
temperature and phase relationship and its variation
along the paths of midlatitude storms is examined by
dividing each ocean basin into west and east regions.
Composites of cloud and environmental properties cen-
tered on a storm pressure minimum (cf. Lau and Crane
1995; Klein and Jakob 1999; Bauer and Del Genio
2006) are used to understand how MODIS cloud-top
properties vary around a storm pressure center in the
western and eastern portion of the storm track areas
and between the Atlantic and Pacific Oceans.

Section 2 describes the various datasets used in this
study as well as the methods for data extraction. Section
3 presents the results, section 4 is a discussion of the
implications of our work, and section 5 contains the
conclusions of this study.

2. Data and methods

a. Extratropical storm tracks and associated
precipitation
Bauer and Del Genio (2006) used NCEP-NCAR re-

analysis (Kalnay et al. 1996; Kistler et al. 2001) surface
pressures to detect extratropical synoptic storms. For
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F1G. 1. Extratropical storm frequency of occurrence over time
(%), for the period December 2002-February 2004 over the (top)
North Atlantic Ocean and (bottom) North Pacific Ocean.

the two winters (December, January, and February)
from December 2002 to February 2004, for which all
datasets that we use overlap, their algorithm produces a
list of all storms that occurred in the Northern Hemi-
sphere midlatitude regions (30°-70°N), giving for each
6-h step of their lifetime their location and central pres-
sure. In addition, vertical velocities in a = 25° latitude—
longitude area centered on the surface pressure mini-
mum are extracted from the reanalysis.

Storm frequency maps are obtained by accumulating
them into an equal area grid and then reprojecting onto
a 2° X 2.5° latitude-longitude grid. The resulting storm
frequency of occurrence for the winters from Decem-
ber 2002 to February 2004 is derived separately for the
Atlantic (80°E-0°) and Pacific (140°E-130°W) Ocean
basins (Fig. 1). The frequency maxima give the general
location and direction of the storm tracks for the two
winters selected here. It can be observed in these fig-
ures that, while storms are confined to a well-defined
area over the Atlantic, they are more spread out over
the Pacific, and it is more difficult to define the average
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trajectory of the storm tracks in this basin. This vari-
ability may be due to shifts of the Pacific storm track
during extreme El Nifio-La Nifia phases (Eichler and
Higgins 2006; Orlanski 2005). To refine the idealized
trajectory, we use the Goddard Institute for Space
Studies (GISS) storm atlas (Chandler and Jonas 1999),
which uses a similar tracking technique over a longer
time period (2000-04), and visually estimate the storm
trajectories for both oceans, as marked with the crosses
in Fig. 1.

For each storm in the database for both winters, each
6-h time step in a storm’s lifetime is considered inde-
pendently, and four geographical subsets are con-
structed according to the location of the pressure mini-
mum at each step. These subsets are west Atlantic (30°-
60°N, 75°-50°W), east Atlantic (30°-60°N, 50°W-0°),
west Pacific (30°-60°N, 150°E-177.5°W) and east Pa-
cific (30°-60°N, 177.5°-135°W). There are 48 distinct
storms and 252 total time steps for the west Atlantic, 42
storms and 278 steps for the east Atlantic, 62 storms
and 317 steps for the west Pacific, and finally 52 storms
and 334 steps for the east Pacific.

Precipitation rates are obtained from an experimen-
tal 3-hourly Tropical Rainfall Measuring Mission
(TRMM) combined microwave—infrared dataset (Huff-
man et al. 2003) for the 6 months selected here. These
rates are available globally up to 60° latitude, so storms
with a low pressure center beyond 60°N were ignored in
this study. They are composited for each subregion de-
fined above using each pressure minimum as the center
of a +25° latitude-longitude grid of 1° X 1° cells and
accumulating the collocated and coincident precipita-
tion rates in each cell. This gives the spatial distribution
of precipitation in the area affected, for each time step,
by a typical storm for each subregion. These precipita-
tion rates are used as qualitative indicators of the pres-
ence of vertically extended clouds and indirectly indi-
cate areas where glaciation processes may be occurring.
They are also a means of verifying the validity of the
reanalysis vertical velocity fields (i.e., strong precipita-
tion and 500-mb ascent should generally coincide if
both products contain real information content).

b. Cloud properties from MODIS

MODIS measures radiances in 36 spectral bands
from 0.4 to 14.2 um with a nadir spatial resolution from
250 m to 1 km depending on the spectral band. The
MODIS cloud products are generated on a 5-min gran-
ule basis of 2030 along-track and 1350 across-track
1-km resolution pixels. MODIS data have been repro-
cessed four times from the beginning of the mission
following improvements in the data processing algo-
rithms, and collection-4 cloud products were used in
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this study. Cloud product generation is fully described
in Platnick et al. (2003) and King et al. (2003), so only
a brief description of cloud-top temperature and phase
retrievals is provided here.

MODIS cloud-top pressures are first calculated op-
erationally using the CO,-slicing technique (Menzel et
al. 2002). Due to signal-to-noise issues, CO,-slicing
cloud-top pressures are generally limited to the range
from approximately 700 hPa (i.e., about 3 km above sea
level) up to the tropopause. When low clouds are
present, the MODIS algorithms defer to the infrared
window technique where cloud-top pressure and tem-
perature are determined through comparison of model-
calculated and observed 11-um radiances. Cloud-top
pressures are first obtained at 5-km resolution using
averaged 1-km radiances. They are then converted into
equivalent cloud-top temperatures with a gridded me-
teorological product provided every 6 h by the NCEP
Global Data Assimilation System (GDAS: Derber et
al. 1991). MODIS cloud-top pressure accuracy was as-
sessed against airborne lidar (Frey et al. 1999), ground-
based radar and lidar (Naud et al. 2002, 2004; Mace et
al. 2005), and other passive and active satellite instru-
ments (Naud et al. 2005a,b). These studies reveal that
the accuracy of cloud-top boundaries is within 1 km
when clouds are single layered and have sufficient op-
tical depth. Naud et al. (2005b) show that optical depths
less than 0.3 cause a greater error in cloud-top height
retrievals, even more so for multilayer cloud situations.
This may cause high and thin ice clouds to be missed if
a lower water cloud is present.

Cloud-top phase is estimated from a series of tests
involving both visible and near-infrared reflectances
and infrared brightness temperatures [see Platnick et
al. (2003) for a complete description of the algorithm].
A decision tree provides cloud composition at 1-km
resolution pixel level, indicating if a pixel is mainly
composed of ice or liquid water. This decision tree in-
volves cloud mask tests (using 1.38-, 3.7-, and 11-um
channels), differences in optical constants between lig-
uid and ice in the infrared (8 and 11 wm) and shortwave
infrared (1.6 and 2.1 pm), and finally the cloud-top
temperature information. The thresholds are adapted
to the different possible surface types (e.g., ocean, land,
etc.). Any pixel that is not flagged as liquid or ice is
discarded. This problem was found to be a rare occur-
rence (e.g., less than 1% of all pixels per granule). Be-
cause of the use of visible and near-infrared channels,
this product is only available in daylight areas so night-
time pixels or granules are discarded. To match the
1-km resolution of cloud phase with the 5-km resolu-
tion cloud-top temperatures, the phase of the central
pixel in 5 X 5 pixel subsets is used. An alternative tech-
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nique was tested using the median phase in the same 5
X 5 pixel subsets instead. One hundred MODIS Aqua
granules were randomly selected and, for forty 2-K
temperature bins, the ice cloud fraction was derived as
the ratio of the number of pixels with ice phase to the
number of pixels with ice or water phase. The differ-
ence between ice fractions obtained with the central
pixel and median phase was calculated as a function of
temperature. The largest difference was found to be
0.04 at 255 K, and adding more MODIS data was found
to decrease this value. For the larger number of gran-
ules used when adding Aqua and Terra the error intro-
duced in the ice cloud fraction by the central pixel se-
lection is less than 0.02. The central pixel procedure is
used by the MODIS team to convert the 1-km cloud
mask into the 5-km cloud mask, so this mode of selec-
tion is used here.

No formal accuracy assessment of the phase retriev-
als had been conducted at the time of this study, mainly
because independent and coincident phase information
is difficult to obtain. It is thus difficult to assess the
weaknesses of the retrieval technique, but we can
speculate that thin ice cloud over low water cloud situ-
ations will cause errors, as will mixed-phase clouds
when both liquid and ice phases are present. An inde-
pendent comparison between MODIS cloud-top tem-
peratures and coincident cloud radar-derived cloud-top
temperatures at the Department of Energy (DOE) At-
mospheric Radiation Measurement Program Southern
Great Plains site (Fig. 2) reveals that most of the dis-
agreement occurs for high-level cloud situations where
MODIS cloud-top temperatures are warmer than the
radar cloud-top temperature. For these outlier cases,
the MODIS phase retrieval indicates water, suggesting
that the cloud-top temperature and phase retrieval al-
gorithms have similar weaknesses in multilayer cloud
situations, both detecting the lower rather than the
higher cloud. This exercise does not allow us to evalu-
ate an absolute error for the relationship between cloud
phase and temperature with MODIS, but, since the er-
rors in each tend to be correlated, we anticipate that the
uncertainty in the phase—temperature relationship is
less than the error in either parameter separately; that
is, even if both retrievals fail to refer to the highest
cloud in the scene, they are referring to the same cloud.
Previous MODIS cloud-top height assessments (Naud
et al. 2005a) showed that errors found at the Southern
Great Plains site were consistent with errors found at
Chilbolton, United Kingdom, situated in the eastern
portion of the Atlantic storm track.

MODIS cloud properties are assigned to cloud top as
they are retrieved with a downward-looking passive
sensor. Consequently, this instrument does not offer in-
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F1G. 2. Radar cloud-top temperature vs MODIS cloud-top tem-
perature, for ice (*) and liquid (¢ ) MODIS phase retrievals. The
radar cloud-top temperature data were collected between 2000
and 2003 at the ARM SGP site and converted from cloud-top
heights using ECMWF profiles. The radar time series were
sampled during the 5-min of coincident MODIS overpass and the
median cloud-top height was used for the comparison with the
median MODIS cloud-top temperature obtained in a *+0.2° lati-
tude-longitude box centered on the SGP site. The MODIS phase
information was chosen to be the modal value within the same
latitude-longitude box. The total number of cases was 269.

formation on properties within the clouds, and all the
results presented hereafter pertain to cloud-top prop-
erties. Nonetheless, we will show later that cloud phase
statistics near cloud top, and their variation with the
synoptic situation, are not markedly different from
those acquired by aircraft in cloud interiors.

In addition, each MODIS cloud product granule con-
tains a 5 km X 5 km resolution sea surface temperature
(SST) array that is interpolated from the 1° X 1° weekly
NOAA Optimum Interpolation SST dataset (Reynolds
and Smith 1994); this product is also used here. These
temperatures were obtained in cloud-free situations.

Figure 3 illustrates the MODIS cloud phase retrieval
and associated fields for an east Atlantic synoptic storm
observed on 19 January 2003, about 30 h after it was
first detected in the reanalysis. Ice is present exclusively
at cloud top in the comma-shaped high cloud shield east
and north of the surface low in advance of the surface
front, but elsewhere liquid water exists at cloud top at
various temperatures in different parts of the storm sys-
tem. 1) In the 500-mb frontal ascent and precipitation
region just east and south of the low, both cloud-top
temperature and phase are highly variable on small
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scales, while cold (<250 K) liquid water cloud tops oc-
cur just west of the low in weak ascent; 2) along the
upward-sloping frontal surface a narrow band of super-
cooled water exists along the edge of the ice-only high
cloud shield; 3) Nonprecipitating midlevel water clouds
(altostratus or altocumulus) in the 500-mb descent re-
gion west of the low (behind the cold front) are much
colder (<260 K) than the low-level liquid water clouds
in other descent areas east and north of the front.

¢. Data extraction methods

MODIS 5-min granules obtained from both NASA
Terra (equator-crossing local time 1030) and Aqua
(equator-crossing local time 1330) platforms are col-
lected over the North Pacific (30°-65°N, 150°E~135°W)
and North Atlantic (30°-65°N, 75°W-0°) oceans for all
winter months (December, January, and February)
from December 2002 to February 2004.

The cloud properties are extracted in the following
manner: 1) cloud-top temperatures are divided into 2-K
bins from 210 to 290 K; 2) the number of MODIS 5 km
X 5 km water or ice cloud pixels that fall into a cell of
a 2° X 2.5° global grid is estimated for each cloud-top
temperature interval; 3) the number of MODIS 5 km X
5 km ice-cloud-only pixels that fall into a cell of the 2°
X 2.5° global grid is estimated for each cloud-top tem-
perature interval. For each 2° X 2.5° grid cell, the ice
cloud fraction per temperature bin is estimated by di-
viding the number of ice pixels by the number of ice
and water pixels. This is only calculated once all MODIS
granules for both winters have been accumulated. In
addition, the cloud-top temperature for exactly 50% ice
fraction (Ts,) is estimated per grid cell by interpolating
the relationship obtained for all temperature bins be-
tween ice cloud fraction and cloud-top temperature ag-
gregated over both winters. Consequently, there is a
unique value of T, per grid cell. This diagnostic does
not imply that phase is only a function of temperature;
as we show below; it merely provides a simple way to
characterize the statistics of time-mean geographic and
synoptic-scale variations in mixed-phase behavior.

Ice fraction at a given temperature is highly variable
in time, of course, as field experiments have made clear.
Figure 4 illustrates this dynamical variability. It shows
the instantaneous ice fraction per temperature bin for
MODIS passes over two grid cells over the Atlantic
during a particular 14-day period (comparable to the
length of a typical field experiment) and its relation to
the long-term diagnostic Ts,. Each point shows the ice
fraction per temperature bin evaluated for each se-
lected MODIS granule when a temperature bin was
populated by at least 10 pixels (otherwise no ice frac-
tion was available for this temperature bin and the
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F1G. 3. Storm on 19 Jan 2003 over the Atlantic Ocean; (a) 1200 UTC, Aqua overpass at 1430 UTC, MODIS
cloud-top temperature; (b) as in (a), but only for liquid water clouds; (¢) 500-mb vertical velocity at 1200 UTC, and

(d) TRMM precipitation rate at 1200 UTC.

point is not plotted). Despite the scatter, systematic
differences in ice phase occurrence between the two
locations can be seen: The higher-latitude cell, pole-
ward of the climatological storm track, is dominated by
liquid at warmer temperatures and transitions system-
atically to mostly ice at colder temperatures. The lower-
latitude cell, at a location that experiences frequent
frontal passage, has greater scatter and a general pref-
erence for ice at all but the warmest subfreezing tem-
peratures.

The solid lines on each figure represent the total ice
fraction, once all pixels available in these grid cells were
accumulated in each temperature bin for both Aqua
and Terra and both winters. The temperature obtained
from the intersect between the solid line and 0.5 ice
fraction is T, (the dashed vertical line) for these grid
cells. The ~10-K difference in 75, between the two
locations conveniently summarizes the general ten-
dency for liquid to persist to colder temperatures in the
higher-latitude grid cell.

The same method is applied to obtain T, in the +25°
grid centered on each storm pressure minimum for the
four subregions defined in section 2a, where ice cloud
fraction is obtained after accumulating all of the MODIS

pixels that are found overlapping a storm area within 3
h. In addition, similar composites are created for the
median cloud-top temperature (regardless of the cloud
phase) and SST.

3. Results

a. Change in temperature of glaciation across
Atlantic and Pacific Oceans

The evolution of the relationship between ice cloud
fraction and cloud-top temperature as synoptic storms
travel eastward across both ocean basins is first tested
by using a rough estimate of the general propagation
direction of storms. We select all 2° X 2.5° grid cells
within 2° latitude—longitude of the visually estimated
storm tracks (defined by 12 latitude-longitude points
along the tracks in Fig. 1) and equally divide them into
two regions (west and east, six points each). The ice
cloud fraction as a function of cloud-top temperature is
then calculated for each region and each ocean (Fig. 5).
Over the Atlantic (black lines), ice forms at warmer
temperatures as the storms move eastward; that is, T,
increases by ~7 K from west (solid line) to east (dashed
line). Over the Pacific (red lines), as the storms move
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F1G. 4. Ice cloud fraction as a function of cloud-top temperature
(+) calculated per MODIS 5-min granule that encompasses grid
cells (51°N, 48.75°W) and (45°N, 28.75°W). Twenty MODIS Aqua
granules over 14 days were selected for each grid cell for which at
least 100 pixels were found in the grid box. Ice fractions are kept
and plotted if at least 10 pixels populated a temperature bin. The
solid line represents ice cloud fractions calculated once all
MODIS Terra and Aqua over both winters are accumulated in
each temperature bin and grid cell. The dashed line shows the T,
value obtained from the intersection of the solid line with 50% ice.

eastward, T, instead slightly decreases (~2 K), but this
is more obvious for the lower temperature range, that
is, for cloud-top temperatures less than 255 K. Thus,
along the chosen storm paths, either the impact of dy-
namics or environmental factors on glaciation is differ-
ent over the Atlantic and Pacific. We verified that these
differences still held when reproducing Fig. 5 for each
winter separately.

Figure 6 shows the interpolated MODIS T5, for the
Atlantic and Pacific Oceans. These cloud-top tempera-
ture maps are smoothed by using a 3 X 3 pixels moving
subset and assigning the corresponding median cloud-
top temperature to the central pixel. Figure 6 reveals a
west—east increase in Ts, over the Atlantic, with ice
formation at consistently warmer temperatures south
and east of the storm track, in the expected warm sector
and warm front regions. Over the Pacific, however, T,
increases primarily from north to south and is less
tightly coupled to the mean storm track orientation.

These observations suggest differences between the
two oceans, possibly in the storm tracks themselves.
Indeed, the two storm tracks are known to exhibit other
differences, for example, the longer, stronger, more
zonal Asian jet cyclogenesis region for the Pacific track
(Bauer and Del Genio 2006), the greater interannual
variability of the Pacific track (Eichler and Higgins
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FI1G. 5. Ice cloud fraction (number of ice clouds detected divided
by number of ice and water clouds detected per 2-K temperature
bins) as a function of cloud-top temperature from MODIS,
sampled along ideal storm trajectories divided into two regions:
west (solid) and east (dashed) over the Atlantic basin (black) and
Pacific basin (red), for the period December 2002-February 2004.
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2006; Orlanski 2005), the more frequent seeding of the
Atlantic storm track by Pacific disturbances than vice
versa (Hakim 2003), and the midwinter suppression of
baroclinic wave activity only over the Pacific (Naka-
mura 1992; Chang et al. 2002; Deng and Mak 2005). We
tested whether this latter feature could explain some of
the differences observed in Figs. 5 and 6 by extracting
December, January, and February data separately for
the two winters. There was no noticeable difference in
ice fraction as a function of temperature over the Pa-
cific from one month to the next, or when comparing
west and east.

The more important feature appears to be the differ-
ent SST distributions in the two oceans: The tempera-
ture gradient is oriented approximately north-south
over the Pacific but more northwest-southeast over the
Atlantic (Fig. 7). The T, maps reflect these tendencies.
The relationship between ice fraction and cloud-top
temperature changes when we shift the location of the
ideal storm track within the observed range of variabil-
ity, so it is possible that the different behavior of T,
observed over the Atlantic and Pacific in Fig. 5 (the
temperature for which the curves intersect with the 0.5
horizontal axis) is an artifact of the choice of preferred
storm path. To unambiguously compare the two ocean
basins and the two sides of each storm track, we instead
examine composites of cloud properties centered on
the storm pressure minima for all locations both on and
off the nominal tracks.
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F1G. 6. MODIS Ty, distribution for the (top) North Atlantic
Ocean and (bottom) North Pacific Ocean from December 2002 to
February 2004. The crosses indicate the general direction of the
storm tracks. Areas with no phase retrievals (mainly because of
the lack of daylight) are shown in white.

b. Composites of cloud and surface properties
centered on storm surface pressure minima

Synoptic storm composites of 500-hPa pressure ver-
tical velocity for the west and east regions of the At-
lantic and Pacific are shown in Fig. 8. The composite
patterns retain the classic comma structure of baroclinic
storms seen in the single-case example of Fig. 3 with
peak ascent just north and east of the surface low (in-
dicated by the +), a broad (caused by the displacement
from one storm and time step to another) region of
ascent east of the low marking the warm front, a second
region of ascent extending south and west where the
warm sector and cold front occur, and strong descent
behind the cold front west of the surface low. In both
ocean basins the typical storm is more intense in the
western cyclogenesis regions and weakens to the east,
more so for Pacific than Atlantic storms. The warm
sector—cold front region is broader and extends farther
west for Pacific storms than Atlantic storms.

Composites of TRMM precipitation (Fig. 9) gener-
ally follow the vertical velocity pattern, with cold front
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Fi1G. 7. NOAA Reynolds sea surface temperature for the (top)
North Atlantic Ocean and (bottom) North Pacific Ocean aver-
aged over December 2002-February 2004. The crosses indicate
the general direction of the storm tracks.

precipitation extending ~20° farther west of the surface
low in the Pacific than the Atlantic. This feature has
also been reported by Chang and Song (2005). The one
departure from the vertical velocity behavior is that
Pacific rainfall in the warm sector decreases less rapidly
from west to east than Atlantic rainfall.

The composite SST fields experienced by synoptic
storms (Fig. 10) are noticeably different for the two
ocean basins. In both the Atlantic and Pacific there is a
general northwest—southeast SST gradient, maximum
near the surface low, and decreasing eastward across
both oceans. This is consistent with the general orien-
tation of the storm tracks and the classical understand-
ing of peak cyclogenesis in locations of peak barocli-
nicity. However, the SST isotherms are more zonal in
the Pacific basin. Thus, the different vertical velocity
and precipitation composite patterns for the two ocean
basins, and specifically the greater westward extent of
cold front ascent and precipitation for the Pacific, may
be associated with the warmer waters that Pacific
storms typically encounter southwest of the surface
low.
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Figure 11 shows the storm composite structure of the
Ts, field. The warmest T, in each subregion is gener-
ally in areas of ascent and heavy precipitation, and a
more zonally oriented pattern of the warmest T, val-
ues occurs in the Pacific than in the Atlantic. In these
frontal regions Ts, ~ 260-265 K, indicating that on av-
erage liquid water is restricted to warmer temperatures
than in other parts of the storm. Our results at cloud top
are similar to observations at various cloud levels by
Bower et al. (1996) in similar synoptic situations. Else-
where, though, supercooled liquid survives to much
colder temperatures, with 75, ~ 250-255 K. These parts
of the storm are generally nonconvective and consist of
shallower nonprecipitating clouds often observed to be
liquid at cloud top (Rauber and Tokay 1991; Hogan et
al. 2004).

Although warm T, occurs primarily in frontal ascent

zones, this association does not directly explain geo-
graphic variations in T, Vertical velocity, precipita-
tion, and SST gradient all decrease from west to east in
the frontal regions in both ocean basins (Figs. 8-10),
but ice formation occurs at warmer temperatures mov-
ing west to east instead. (This behavior is consistent
with the Atlantic storm track differences in Fig. 5 but
not the Pacific differences, suggesting that the Pacific
storm track used in that figure may not be representa-
tive of the full population of storms that occur both on
and off the nominal track.) We discuss how these geo-
graphic differences in storm strength may lead to the
observed eastward increase in T, in the next section.

4. Discussion

Other than storm intensity, several other factors that
can vary geographically might explain the increase in
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storm cloud-glaciation temperature from west to east.
To diagnose whether this might be a signature of the
storm life cycle instead, with glaciation becoming more
widespread in the mature stage, we produced compos-
ites of T, for the initial detection, peak sea level pres-
sure tendency, peak intensity (minimum central pres-
sure), and final detection of all storms, regardless of
where these occurred geographically. We found no sys-
tematic changes from one life cycle phase to another
despite the fact that storm vertical velocities and pre-
cipitation are strongest at storm onset and weaken sys-
tematically thereafter.

We also looked at possible variations in storm depth
(i.e., whether ascent to higher altitude in the frontal
zone might affect the cloud-top temperature depen-
dence of glaciation there). However, the composite
cloud-top temperature for all clouds (not just those for
which ice occurs 50% of the time) is similar in the fron-
tal regions for the western and eastern segments of both

ocean basins (Fig. 12). Thus, systematic variations in
frontal cloud thickness do not seem to exist.

Aerosols might also produce geographic differences
in glaciation since the western oceans downwind of
Asian and North American pollution sources have
higher aerosol loads than the eastern oceans, the west
Pacific more so than the west Atlantic. Mean column
aerosol optical depth (observed by MODIS only under
clear rather than stormy conditions) is greatest in the
southwest sectors of the storm composites, but cloud
liquid droplet effective radii retrieved with MODIS
(not shown) do not appear systematically different
there than elsewhere. This does not rule out the possi-
bility of an aerosol effect on nucleation at higher alti-
tude, but neither is there evidence to suggest that it is a
first-order influence.

Thus, we suggest the following picture of processes
regulating cloud-top phase as being most consistent
with the various composites. In the frontal ascent re-



15 OCTOBER 2006

NAUD

ET AL. 5283

-
20 ;
O
3 '
< 10 '
20 E
B0 A BO
-30 20 -10 0 10 20 30 -30 20 -10 O 10 20 30
30¢ 30¢
20 i 20 :
O 10} {10} -
L E i
c O i of :
& -10; 110, ;
-20 i-20¢ 3
05 o -30E......

-30 20 -10 0 10 20 30

-30 20 -10 0 10 20 30

235 240 245 250 255 260

265 270 275 280 285 290 295

NOAA REYNOLDS SEA SURFACE TEMPERATURE, K

Fi1G. 10. As in Fig. 8, but for composites of NOAA Reynolds SST.

gion of the storm, where the strongest precipitation
rates and highest cloud tops occur, glaciation occurs on
average at the warmest temperatures. Cloud tops in
these regions are at mean temperatures of ~225-240 K
(Fig. 12), where homogeneous nucleation of the ice
phase is common and thus ice exists regardless of the
ice nucleus concentration. Thus, we only expect MODIS
to detect liquid at times and places where cloud top is
lower and warmer than the mean value (cf. the region
just east of the surface low in Fig. 3). However, the very
warm 75, values in the frontal region suggest other
means of glaciating cloud there, for example, the Berg-
eron-Findeisen growth of ice crystals at the expense of
supercooled water droplets (e.g., Pruppacher and Klett,
1978). The significant pixel-level phase variability that
we sometimes see in frontal zones (Fig. 3), the ascent
that maintains conditions near water saturation, and
Ts, values close to those at which the Bergeron-—
Findeisen process operates most efficiently may indi-

cate the presence of such processes limiting liquid oc-
currence at colder temperatures.

However, Ts, (Fig. 11) is not warm everywhere that
the mean cloud-top temperature is coldest (Fig. 12), for
example, in the wraparound region north of the surface
low and even in the frontal zone of the west Atlantic. In
these locations supercooled droplets apparently do not
glaciate as readily and, instead, get lifted to colder tem-
peratures. One possible explanation is the decrease in
strength of 500-mb ascent (Fig. 8) from west to east as
the SST gradient weakens. Perhaps sufficiently vigor-
ous ascent either suppresses ice formation or advects
supercooled liquid water to colder cloud-top levels.
Bower et al. (1996) suggest that vigorous updrafts in
convective clouds do not leave enough time for super-
cooled droplets to transform into ice crystals in the Hal-
lett-Mossop zone of ice multiplication by graupel—
supercooled droplet collisions at warm temperatures
(~267 K). On the contrary, they find larger ice fractions
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in stratiform frontal clouds observed around the British
Isles where ascent is weaker. Even in the strongest as-
cent region of our western ocean storms, mean vertical
velocities are only ~15 hPah™" (~6 cm s~ '), well short
of typical ice particle fall speeds. However, the strong-
est ascent regions of storms are the most likely to con-
tain embedded convection, and in a few small-scale re-
gions updrafts may be strong enough to advect super-
cooled liquid droplets to cloud top where MODIS
detects them. Figure 11 therefore suggests the possibil-
ity that the Bower et al. frontal data may be more char-
acteristic of weak storms than intense storms if the
east—west differences we observe are indicative of simi-
lar differences at deeper levels.

By contrast, outside the frontal zones in both ocean
basins, glaciation occurs at consistently colder tempera-
tures at cloud top. Mean cloud tops are warmer (i.e.,
lower) and precipitation weak in these locations, sug-
gesting a preponderance of shallower midlevel altostra-
tus and altocumulus clouds (cf. Lau and Crane 1995),

and vertical velocities are weak or even downward.
Thus, the odds of sufficient lifting taking place for gla-
ciation to occur are reduced. Bower et al. sampled a few
such shallow clouds, but perhaps not a sufficient num-
ber to be climatologically representative.

Our results help place previous observations of the
cloud liquid—ice transition into a large-scale dynamical
context. Doutriaux-Boucher and Quaas (2004) use the
formalism of Le Treut and Li (1991) to fit free param-
eters describing the temperature dependence of ther-
modynamic phase to satellite polarimetry data:

fiiq = [(T - Tice)/(To - Tice)]nv (1)

where fj;, is the liquid fraction, T the temperature, T,
the temperature above which all clouds are liquid, 7.
the temperature below which all clouds are ice, and 7 is
a shape parameter that controls the slope of f;o(T) at
intermediate temperatures. Our MODIS-derived pa-
rameter T, can be expressed in this formalism as
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For the data they analyze, Doutriaux-Boucher and
Quaas assume 7, = 0°C and find a best fit for 7., =
—32°Candn = 1.7. Using (2), this corresponds to T, ~
—11°C ~262 K, somewhat warmer than our mean value
for the two ocean basins of ~258 K in the MODIS data.
A colder value of T;.. = —38°C, especially if combined
with a slightly colder assumed 7, = —4°C (cf. Del Ge-
nio et al. 1996), yields T5, ~ —15°C ~258 K for the
same n, in agreement with our mean value. Aside from
retrieval uncertainties in both datasets, the difference
may be due to our focus on midlatitude ocean clouds
and the fact that the phase retrieval algorithm in the
polarization data is applied only to ~60 km X 60 km
overcast regions, which may bias that result toward
thicker, more extensive cloud decks.

The temperature dependence of f;, in the field ex-
periment data of Bower et al. (1996) is similar to the

of east Atlantic synoptic storms, even though the two
datasets apply to different parts of the cloud. However,
Tsq is colder in stratiform clouds outside the frontal
region (Fig. 11) and, in general, on the west/north sides
of the ocean basins (Fig. 6), regions not sampled ad-
equately or at all by Bower et al. Whether the differ-
ences we see at cloud top imply similar differences in
the interior of clouds is not known, although in a model
it would be possible to determine whether cloud phase
relationships near cloud top and within clouds were
systematically different.

These results have implications for predictions of
cloud feedback and global climate sensitivity since
cloud-radiation interactions are most sensitive to prop-
erties near cloud top. Models based on Bower et al.
(1996) that do not predict the presence of liquid for T
<—15°C may be somewhat biased toward low sensitiv-
ity (depending on the degree of difference in param-
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eterized microphysical and radiative properties for lig-
uid versus ice) because any cloud increase with warm-
ing in the mixed-phase zone will overestimate the
negative shortwave feedback and underestimate the
positive longwave feedback. This was the issue origi-
nally raised by Li and Le Treut’s (1992) sensitivity tests.
Our results do not directly address the ice — liquid life-
time difference that causes the predicted cloud increase
in the models, but any difference between the lifetimes
of ice and liquid clouds is reflected indirectly in our
occurrence statistics. Thus, parameterizations that mis-
represent the processes that control cloud lifetimes
should also produce biased ice-liquid occurrence statis-
tics when aggregated over time.

The real message of our study, though, is the need for
more physically based approaches to cloud phase pa-
rameterization that allow for different phase behavior
in different dynamical settings. The GISS GCM param-
eterization (Del Genio et al. 1996), for example, allows
either ice or liquid to exist in a grid box at a given time
step. It assumes ice probability at cloud initiation to
increase with decreasing T down to —40°C, with satu-
ration relative to the liquid phase in the cloudy part of
the box being required to form either phase at these
temperatures. However, it takes the additional step of
allowing supercooled liquid water that forms to subse-
quently glaciate if sufficient ice precipitation into a
lower supercooled liquid layer occurs. The probability
of such glaciation is parameterized to peak at tempera-
tures where Bergeron-Findeisen growth is most effi-
cient. Once the ice phase forms, it remains ice unless
particles sediment below the melting level. This should
allow for higher T, values in frontal regions, as seen in
the MODIS data. In fact, the GISS scheme produces
Ts, ~ 257 K over ocean for regions in which the Berg-
eron—-Findeisen process is absent and T5, ~ 264 K av-
eraged over all ocean regions—in the right direction for
synoptic effects but overall somewhat warmer than ob-
served.

More recent cloud parameterizations make no direct
assumption about cloud phase, instead carrying ice and
liquid water as separate prognostic variables and using
microphysical process parameterizations to predict sta-
tistics of phase—temperature behavior (cf. Lohmann
and Roeckner 1996; Wilson and Ballard 1999; Rotstayn
et al. 2000). These schemes are potentially a step for-
ward, but they too have free parameters (e.g., ice
nucleus concentration), ambiguity about the spatial re-
lationship between liquid and ice within a grid box, and
uncertainty in how to scale process rates known on the
cloud scale to the GCM grid scale. To date these
schemes have been developed using only isolated case
studies or limited regional datasets. Even the larger
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datasets used by Moss and Johnson (1994) and Hogan
et al. (2003b) to evaluate existing schemes are climato-
logically limited spatially (western Europe) and, for the
former, temporally (11 flights). Our results provide a
framework for a more climatically meaningful evalua-
tion that will indicate any potential biases contributing
to erroneous cloud feedback estimates.

5. Conclusions

The relationship between ice phase fraction and
cloud-top temperature obtained from two winters of
MODIS retrievals over the North Atlantic and North
Pacific midlatitude storm tracks reveals differences be-
tween the two oceans and between their western and
eastern segments. Glaciation occurs at warmer cloud-
top temperatures south and east of the storm pressure
minimum in the Atlantic and south of the low in the
Pacific. Ice cloud formation in midlatitude storm tracks
is related to the storm vertical velocity and precipita-
tion, with the distribution around the storm center
seemingly related to the SST pattern. Changes in gla-
ciation temperature from the west to east sides of the
ocean basins appear to be related to the SST gradient
and its effect on storm strength.

Further work is needed to evaluate this relationship
quantitatively, as uncertainties in MODIS retrievals
need to be assessed first. A new MODIS data repro-
cessing is in progress, and the new Collection-5 prod-
ucts should be of better quality as the algorithms for
both phase and cloud-top temperature have been sig-
nificantly improved. Comparisons with more precise
satellite-based measurements such as the Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Obser-
vation (CALIPSO) lidar will be extremely useful to
evaluate the impact of thin cirrus over lower water
clouds on the relationship between phase and cloud-top
temperature retrievals.

Our results at cloud top are similar to those from
previous aircraft observations inside clouds over the
British Isles in frontal regions (Bower et al. 1996). They
suggested that strong local updrafts in convective re-
gions push moist air to cold temperature levels too
quickly for various glaciation processes to occur. Here
we find that the areas of greatest large-scale ascent are
not glaciated at cloud top as much as areas of moderate
ascent, but that thick clouds in general glaciate at
warmer temperature than shallower mixed-phase
clouds, the latter of which were not adequately sampled
by Bower et al. (1996).

In addition, glaciation occurs preferentially in the
storm perimeter where the warmest SSTs occur. Con-
sequently, ice phase at cloud top occurs more fre-
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quently in the southern part of the Pacific and over the
south and east regions of the Atlantic. The differences
at cloud top between the four subregions studied here
raise the possibility that aircraft observations of the
temperature of complete glaciation in frontal zones will
be different depending on the location, and thus mod-
eling of the phase change cannot be performed either
with a unique temperature threshold for the entire
globe or with data from a single region as a validation
standard. The extent of condensation and droplet
growth as influenced by surface temperature and ver-
tical velocities will have to be taken into account as
well. For the midlatitude oceans as a whole, super-
cooled liquid persists to lower cloud-top temperatures
than occur in Bower et al.’s (1996) measurements inside
clouds, suggesting a possible negative cloud feedback
bias in GCMs whose phase parameterizations rely on
those data.
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